Photocatalytic materials are considered an effective solution to improve air quality in urban areas and have been extensively studied in the past decade. The use of nanoparticles as photocatalyzers proved very effective however, the operational conditions can determine how successful the solution will be. For mortars containing nanoparticle of titanium dioxide, the photocatalytic degradation of air pollutants can be compromised by surface contamination, the pollutant's concentration, and the deactivation time. In this work, the influence of these operational parameters has been studied alongside with a method to improve the photocatalytic activity by using Fe 3+ ion doping.
Main text
In the study of self-cleaning materials for construction, titanium dioxide nanoparticles have been amongst the most studied. Its incorporation in building materials has shown promising results for self-cleaning and depolluting applications. Indoor air quality in buildings is now going far beyond the simple indoor temperature regulation. Other aspects like contamination of the indoor air by pollutants, are gaining importance and researchers are trying to develop methods to mitigate the impact of such pollutants, to reduce adverse effects on human health [1] . Internal sources wall paints, materials and coatings (applied in furniture), tobacco smoke, fireplaces and stoves are usually the main cause of contamination consequently, different types of contaminants (VOC, NOx, SOx, formaldehyde, etc.) can be present inside the buildings, sometimes in higher concentrations than outside. Titanium dioxide (TiO 2 ) is effective for removal of several air pollutants, presenting itself as a suitable solution for indoor air cleaning. Although the photocatalytic activity is quite high, even with levels of incorporation as low as 5%, the use of nanoparticles in mortars is complex. Adding nano-TiO2 to mortars causes important changes on the microstructural level and their understanding is fundamental to achieve successful applications [2] . The photocatalytic efficiency is dependent on external factors like humidity and pollutant concentration. Modification of the photocatalytic additive by ion doping can also be used to increase performance. To reduce the content of photocatalytic additive and maintain the same level of efficiency, ways of increasing TiO 2 catalytic activity and the impact of the external factors have been studied.
Experimental/theoretical study
Commercial titanium dioxide nanoparticles were mixed with cement and lime-based mortars. The influence of different operating parameters in the photocatalytic activity has been studied. Factors such as the deactivation time, the initial pollutant concentration and the effect of metal doping, have been investigated. Titanium dioxide nanoparticles were doped with iron ions (Fe 3+ ) by co-precipitation. The efficiency of these mortars to degrade NOx was studied and compared with samples with non-doped titanium dioxide.
Photocatalytic degradation of indoor pollutants
Photocatalytic effect has been well known for many decades. Two different catalyzers are amongst the most investigated, zinc oxide (ZnO) and titanium dioxide (TiO2) [3, 4] . Applications with titanium dioxide have been done with two different crystalline phases: rutile and anatase with TiO2 being by far, the most studied. The anatase form, due to its high chemical stability, good efficiency and relative low cost is preferred, when compared with other catalysts [5] . Production of TiO 2 in nano-sized particles contributed to greatly improve the photocatalytic efficiency, a result of its higher surface area that resulted in higher reactivity. Titanium dioxide reacts with some common pollutants like VOC, NOx and Sox and is able to degrade them, transforming these harmful substances into safe reaction products that can be easily removed [6] [7] [8] .
Being one of the most common pollutants present in indoor air nitrogen oxides (NOx), are amongst the preferred contaminants for assessing photocatalytic efficiency in construction materials. Equations 1 to 3 describe the degradation process, where OH and O 2 − radicals created during the photocatalytic activation reacts with NO2 to produce HNO3 [9] .
The use of wall coatings (mortars or paints) with the capability to degrade pollutants increases durability and improves indoor air quality.
Photocatalytic tests
To conduct the photocatalytic test, a specific setup using NOx as a pollutant was developed. NOx is a common pollutant gas present inside buildings and urban areas, in concentrations around 1 ppmv. This value was selected as the initial concentration for the laboratory tests conducted in this study. NOx (10 ppmv) was diluted in standardized air, to obtain the desired concentration. Gas inlet measured with mass flow controllers was injected to the chamber at a constant flow rate of 1 l/min. The reaction took place inside the stainless steel chamber. The cylinder with a 35 L capacity is completely sealed and the glass window on the top allowed the light from the 300-Watt solar lamp (OSRAM UltraVitalux), placed at 1m from the sample, to irradiate the mortar [10] . During the tests, a thermocouple and a humidity sensor monitored temperature and humidity, and the values remained steady at 20 0C and 40% respectively. Excessive temperature can affect the photocatalytic measurements making difficult to distinguish the degradation effect from an overheating phenomenon. A chemiluminescence analyzer (AC-30 M, Environment SA) measured the concentration of the outlet gas [6] .
The Some operational aspects, such as the deactivation time and initial pollutant concentration can influence the degradation efficiency [11] . It is important to verify if the samples confinement in a place with absence of light for a period of several hours is enough to assure the complete deactivation of the catalyzer, allowing the mortar to perform a new photocatalytic cycle when exposed to the sunlight again. This is a fundamental evaluation to determine if the mortar maintains its efficiency when subjected to several activation and deactivation series throughout its life cycle. For this purpose, a 2-cycle test was performed, with an 8 hours deactivation interval in a dark box.
To assess the influence of the pollutant concentration on the photocatalytic degradation rate a mortar sample, selected from the compositions previously tested, was submitted to cycles with concentrations of 0.5 ppmv and 0.75 ppmv. The composition was selected based on the hardened state performance and the photocatalytic degradation efficiency. Considering these results and taking into account that the mortars with lime, less studied, are particularly interesting for application in the rehabilitation of old buildings, was selected the lime-gypsum composition (LG). Several authors have tested different doping methods trying to increase the efficiency of the catalyst. These methods involve doping titanium dioxide with metals (e.g., silver or iron) [12, 13] . In this work, a co-precipitation method was used for doping the titanium dioxide with iron (Fe 3+ ) [14] . The samples were prepared with 1 wt% nano-TiO 2 doped with iron for tests in the photocatalytic reactor and compared with the same mortar composition prepared with the non-doped TiO 2 .
Results and discussion

Fig. 1 Iron-doped titanium dioxide SEM and EDX analysis
The analysis of the titanium dioxide powder showed that the co-precipitation method was effective (Figure 1) , as the EDX analysis clearly shows. The samples, prepared with 1% of iron-doped TiO 2 , were tested in the photocatalytic reactor and the overall efficiency of the ion-doped samples is almost 10% higher than the non-doped (Figure2). Although this is not a massive increment, it leaves room for reducing the amount of catalyst in the mortar maintaining the efficiency, reducing the product's final cost. Ion doping should therefore be considered as a suitable alternative to increase photocatalytic activity. The mortar's surface can undergo temporary deactivation when reaction products are deposited on the active sites of the catalyst, a critical aspect that can limit or restrict the functional application of the phototocatalyst [15] . Deactivation can be reversible or irreversible, depending on the nature of the catalyst and the type of reaction products. During the pollutant's degradation process, some intermediate products are formed and, because they have a higher adsorption rate, they deposit on the surface and block the pollutant's access to TiO 2 .
The contamination effect was observed in this work when the samples were tested in different sets of three consecutive tests. Under the same conditions of concentration, temperature and humidity, they exhibited a consistent decrease in the photocatalytic efficiency, as seen in Figure 3 . According to Cao et al. study, it was proven that this effect is usually reversible and the catalytic activity can be completely restored after a period of inactivation [16] . The materials developed in this study are to be applied as inner wall coatings so, it is expected an 8-hour period with absence of sunlight each day. Theoretically, this should suffice to deactivate the surface however, a laboratory test needed to be conducted to confirm this. The samples were subjected to the photocatalytic degradation test and they were stored in a dark box for 8h, immediately after. After the 8 hours, the photocatalytic test was repeated under the same conditions and the results are presented in Figure 3 . The deactivation proved to be effective and it has been demonstrated that absence of light is enough to ensure an effective removal of the reaction products. All active sites on the mortar's surface will be available again for a new photocatalytic cycle. The influence of the pollutant's concentration is almost as relevant as deactivation and is known to affect the photocatalytic efficiency [17] . To evaluate photocatalysis for [NOx] concentrations below 1 ppmv, the mortars were tested with 0.7 and 0.5 ppmv (Figure 4) . Taking for reference other published results, an increase in efficiency was expected and confirmed; reducing [NOx] to 0.7 ppmv and 0.5 ppmv increased the efficiency by 9% 12 % respectively. This increment is not directly proportional to the reduction in concentration, though; it is not expected to reach 100 %. To understand the loss of efficiency with higher concentrations, it is necessary to understand the reaction mechanism for NOx degradation. This is a two-stage process where the electron-hole pairs are created and afterwards, the reaction with the pollutant takes place. The efficiency is higher with lower concentrations of NOx because not all the active sites are required for the initial stage of the catalysis, when the first intermediate products are formed. With higher NOx concentrations, there is an extensive occupation of active sites in this first stage, due to a higher amount of intermediate products, leaving less catalyzer available for the subsequent reaction steps. Higher concentrations of pollutant lead to higher amounts of intermediate products, which reduce the degradation rate, causing a decrease in efficiency [17] .
Conclusion
In this work it has been investigated the influence of some operational parameters in the photocatalytic efficiency of titanium dioxide nanoparticles (TiO 2 ). It was also studied the effect of iron doping in photocatalysis and was demonstrated that the efficiency improved without the need of a higher content of nanoparticles.
It has been concluded that:  When the sample is placed on a site without access to sunlight for 8 hours, the catalyst deactivates maintaining the photocatalytic efficiency in the subsequent cycles. The reaction products, absorbed at the surface during the photocatalysis, are completely removed. The deactivation test indicates that when the mortar is used in building walls maintain its photocatalytic efficiency.  The reduction of the pollutant initial concentration increases the degradation rate. A lower NOx concentration reduces the number of catalyst active sites needed to degrade the pollutant, increasing the reaction speed. For higher concentrations, the demand of active sites for the degradation process and larger quantities of intermediate products slow down the degradation rate.  It was shown that doping titanium dioxide nanoparticles with iron (by a co-precipitation method) improves the photocatalytic efficiency leaving room to reduce the amount of nanoparticles added to the mortar.
